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Abstract 
 
This paper studies the dynamics of foot–ground interaction in hexapod locomotion systems. For that objective the robot 
motion is characterized in terms of several locomotion variables and the ground is modelled through a non-linear spring- 
dashpot system, with parameters based on the studies of soil mechanics. Moreover, it is adopted an algorithm with foot- 
force feedback to control the robot locomotion. A set of model-based experiments reveals the influence of the locomotion 
velocity on the foot–ground transfer function, which presents complex-order    dynamics. 
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1. Introduction 
 
Walking machines allow locomotion in terrain 
inaccessible to other type of vehicles, since they do not 
need a continuous support surface. On the other hand, the 
requirements for leg coordination and control impose 
difficulties beyond those encoun- tered in wheeled robots 
[1]. There exists a class of walking machines for which 
walking is a natural dynamic mode. Once started on a 
shallow slope, a machine of this class will settle into a 
steady gait, without active control or energy input [2,3]. 
the capabilities of these machines are quite limited. 
Previous studies focused mainly in the control at the leg 
level and leg coordination using neural networks [4], 
fuzzy logic [4,5], hybrid force/position control [6] and 
subsumption architecture [7,8]. There is also a   growing   
interest   in   using   insect  locomotion 
 
schemes to control walking robots at the leg level and leg 
coordination [9–14]. Nevertheless, the control at the joint 
level is almost always imple- mented using a PD or a PID 
scheme.  The application of the theory of fractional 
calculus in robotics joint control is still in a research 
stage, but the recent progress in this area reveals 
promising aspects for future developments [15–17]. 
In this line of thought, it was developed a simulation 
model for multi-leg locomotion systems and several 
periodic gaits [1,18,19]. Based on this tool, the present 
article evaluates foot–ground interaction during the robot 
locomotion, for several walking conditions, and analyzes 
its dynamics in the viewpoint of fractional calculus. The 
main interest of this study stems from previous works 
showing that fractional dynamics arise in systems with 
‘‘mixed’’ characteristics, such as the cases of a liquid 
interaction with a porous wall [20], in biological systems 
where there is the growth of tumors in healthy tissues 
[21] and in backlash systems with continuous-discrete 
interactions [22]. 
 
 The system under analysis reveals a behavior of this 
kind, namely with multiple periodic collisions among the 
robot feet and the ground. For example, at the beginning 
of the support phase of each foot, although not 
desirable, often the contact of the foot with the ground is 
established and lost several times before stabilizing. 
Bearing these facts in mind, the paper  is organized as 
follows: Section 2 introduces the hexapod kinematic 
model and the motion planning scheme. Sections 3 and 4 
present the robot dynamic model and control architecture 
and the locomotion system transfer function, respectively. 
Section 5 develops a set of experiments that reveal the 
system complex-order transfer functions, during locomo- 
tion at different robot forward velocities. Finally, Section 
6 outlines the main conclusions and direc- tions  towards  
future developments. 
 
2. Kinematics and trajectory planning 
 
We consider a hexapod walking system (Fig. 1) with 
n ¼ 6 legs, equally distributed along both sides of the 
robot body, having each one two rotational joints (i.e., j 
¼ f1; 2g - fhip; kneeg) [19]. 
Motion is described by means of a world coordinate 
system. The kinematic model comprises: the cycle time T 
, the duty factor b, the transference time tT  ¼ ð1 - bÞT , 
the support time tS  ¼ bT ,  the 
step length LS, the stroke pitch SP, the body height HB, 
the maximum foot clearance F C, the ith leg lengths Li1 
and  Li2 and  the  foot  trajectory  offset Oi ði ¼ 1; . . .  ; 
nÞ. Moreover, we consider a periodic 
trajectory    for    each    foot,    with    body velocity 
V F ¼ LS=T . 
Gaits describe sequences of leg movements, alternating 
between transfer and support phases. Given the particular 
gait and the duty factor b, it    is 
possible  to  calculate,  for  leg  i,  the  corresponding 
phase fi , the time instant where each leg leaves and 
returns   to   contact   with   the   ground   and   the 
Cartesian  trajectories  of  the  tip  of  the  feet  (that must  
be  completed  during  tT)  [1].  Based  on  this data,   the   
trajectory  generator   is  responsible   for producing  a  
motion  that  synchronises  and  coordi- 
nates the legs. 
The  robot  body,  and  by  consequence  the  legs hips, 
is assumed to have a desired horizontal move- ment  with  
a  constant  forward  speed  V F.  There- fore,   for   leg   
i,   the   Cartesian   coordinates   of the  hip  of  the  legs  
are  given  by  pHdðtÞ ¼ ½xiHdðtÞ; 
yiHdðtÞ]
T: 
  
Regarding the feet trajectories, for each cycle, the desired 
trajectory of the foot of the swing leg is computed through 
a cycloid function (2). For example, considering that the 
transfer phase     starts 
 
 
 
 
Fig. 1.  Kinematic and dynamic hexapod robot   model. 
 at t ¼ 0 s, for leg i ¼ 1 it yields pFdðtÞ ¼  
½xiFdðtÞ; yiFdðtÞ]
T: 
• During the transfer phase 
Jacobian matrix, FRH is the ðm þ 2Þx 1 vector of the 
body inter-segment forces and FRF is the 2 x 1 vector of 
the reaction forces that the ground exerts on the robot 
feet. These forces are null during the 
 foot transfer phase. 
We consider that the joint actuators are not ideal, 
exhibiting a saturation given  by 
  
 
 
 
 
• During the stance phase 
  
 
The  algorithm  for  the  forward  motion  planning 
accepts,  as  inputs,  the  desired  Cartesian  trajecto- ries  
of  the  leg  hips  pHdðtÞ  and  feet  pFdðtÞ  and,  by means   
of   an   inverse   kinematics   algorithm   c
-1
, generates  as  
outputs  the  joint  trajectories  HdðtÞ ¼  
  
 
where for leg i and joint j, tijC is the controller demanded 
torque, tijMax is  the  maximum  torque that the actuator 
can supply and tijm is the motor effective torque. 
 
 
3.2.  Robot body model 
 
Fig. 1 presents the dynamic model for the hexapod 
body and foot–ground interaction. It is considered a 
compliant robot body because most vertebrate walking 
animals have a spine that allows supporting the 
locomotion with improved stability. The robot body is 
divided in n identical  segments 
(each with mass Mbn
-1) and a linear spring–damper 
H
  system  is  adopted  to  implement  the  intra-body 
In   this   study   it   is   adopted   the   mammal   leg 
configuration, namely selecting  in c
-1  
the solution 
corresponding to a forward knee. 
In order to avoid the impact and friction  effects, at the 
planning phase null velocities of the feet are considered 
in the instants of landing and taking off, assuring also the 
velocity  continuity. 
compliance according to 
 
 
3. Dynamics and control architecture 
   
 
3.1. Inverse dynamics computation 
 
The planned joint trajectories constitute the reference 
for the robot control system. The model for the robot 
inverse dynamics is formulated   as 
 
 
where  C ¼ ½f ix; f iy; ti1; ti2]
T ði ¼ 1; . . . ; nÞ  is  the  vec- T 
where ðxi0 H, yi0 H) are the hip coordinates and u is the 
total   number   of   segments   adjacent   to   leg   i, 
respectively.    The    parameters    KZH       and    BZH 
(Z ¼ fx; yg  in  the  fhorizontal;  verticalg directions, 
respectively) are defined so that the body behavior is 
similar to the one expected to occur on an animal (Table 
1). 
tor  of  forces/torques,  H ¼ ½xiH; yiH; yi1; yi2] is the 3.3. Foot– ground interaction model 
vector of position coordinates, HðHÞ is the inertia matrix  
and  cðH; H_ Þ  and  gðHÞ  are  the  vectors   of 
centrifugal/Coriolis   and   gravitational   forces/tor- ques,   
respectively.   The   ðm þ 2Þ x 2   (in   our   case m ¼ 2)  
matrix  JTðHÞ  is  the  transpose  of  the  robot 
 
The contact of the ith robot foot with the ground is 
modelled (see Fig. 1) through a non-linear system [23] 
with linear stiffness KZF  and non-linear  damp- 
ing   BZF ðZ ¼ fx; yg   in   the   {horizontal,     vertical} 
j 
 
directions, respectively) yielding: 
 
 
 
 
where xiF0 and yiF0 are the coordinates of foot i 
touchdown and the exponent v of the non-linear dashpot 
is a parameter dependent on the ground characteristics. 
The values for the parameters KZF and BZF (Table 1) 
are based on the studies of soil mechanics [23]. 
 
3.4. Control architecture 
 
The general control architecture of the multi- legged 
locomotion system is presented in Fig. 2. The trajectory 
planning is held in the Cartesian space, but  the  
control  is  performed  in  the  joint    space, 
 
 
Table 1 
System parameters 
which requires the integration of the inverse kinematic 
model in the forward path. The control algorithm 
considers an external position  and velocity feedback and 
an internal feedback loop with information of foot–
ground interaction force. On a previous work it was 
demonstrated the superior performance of introducing 
force feedback and this was highlighted for the case of 
having non- ideal  actuators  with  saturation  or  variable 
ground 
characteristics  [23]. 
Based on these results, in this study we adopt a PD 
controller for Gc1ðsÞ and a simple P controller for Gc2. 
For the PD algorithm we   have 
  
 
being Kp and Kdj the proportional and derivative 
gains, respectively. 
 
4. Locomotion system transfer function 
 
In order to obtain the transfer functions (TF) of the 
system (i.e., the robot and the environment), the 
frequency  response  of  the  locomotion  system   is 
computed numerically. For that purpose, small amplitude 
sinusoidal exciting signals dpdðtÞ are superimposed, 
separately, on the frequency range under analysis, over 
the x and y feet desired Cartesian trajectories, according 
to the block diagram  presented  in  Fig.  3.  The  resulting     
feet 
reference trajectories are given by 
 
 
 
 
 
  v 0.9   
 
  
 
 
 
 
Fig.  2.  Hexapod  robot  control architecture. 
Robot model parameters Locomotion parameters 
SP  ðmÞ 1:0 b ð%Þ 50 
Lij  ðmÞ 0:5 LS ðmÞ 1.0 
Oi  ðmÞ 0:0 HB ðmÞ 0.9 
Mb  ðkgÞ 88:0 F C ðmÞ 0.1 
M ij  ðkgÞ 1.0 V F ðm s-1 Þ 1.0 
M if   ðkgÞ 0.0 Ground parameters  
kxH  ðN m-1 Þ 105 kxF  ðN m-1 Þ  1302152.0 
kyH  ðN m-1 Þ 10
4
 kyF  ðN m-1Þ 1705199.0 
BxH  ðN s m-1 Þ 10
3
 BxF  ðN s m-1 Þ 2364932.0 
ByH  ðN s m-1 Þ 10
2
 ByF  ðN s m-1 Þ 2706233.0 
 
  
 
Fig. 3.  Block diagram adopted for the calculation of the transfer functions Gxj ðsÞ and Gyj ðsÞ, j ¼  1,2. 
 
where pdðtÞþ dpdðtÞ are the ith feet desired Carte- sian 
trajectories (relatively to their hip) perturbed with a 
sinusoidal signal of small amplitude and HdðtÞþ 
dHdðtÞ,  are  the  corresponding   perturbed 
joint trajectories. During the robot locomotion 
simulation, the perturbations propagate to the torques 
demanded to the robot leg joint actuators by the 
controller (resulting CCðtÞþ dCCðtÞÞ and to the robot 
real feet trajectories (that  become pFðtÞþ dpðtÞ). 
The system TFs are given by ðj ¼ 1; 2Þ 
joint  actuators  with  a  maximum  torque  in  (8) of 
tijMax  ¼ 400 N m. 
In all simulations the discrete-time control algo- rithm  
is  evaluated  with  a  sampling  frequency  of f sc ¼ 2:0 
kHz while the robot and environment dynamics are 
calculated with a sampling   frequency 
of f sr ¼ 20:0 kHz. 
5.1. Controller tuning methodology 
 
To tune the controller we adopt a systematic method,  
testing  and  evaluating  a  grid  of   several 
 
  
possible   combinations   of   controller   parameters, 
while  establishing a compromise in what   concerns 
the simultaneous minimization of the mean absolute 
 
  energy per travelled distance and the hips trajectory 
following errors [23]. 
where dx1FðtÞ and dy1FðtÞ are the resulting leg 1 foot 
trajectory  perturbations,  dt11CðtÞ  and  dt12CðtÞ  are 
the corresponding joint demanded torques pertur- bations 
and F fg  represents the Fourier Transform operator. 
 
5. Simulation results 
 
In this section, we develop a set of simulations to 
analyze the TFs of the hexapod-environment system for  
two  different  velocities,  namely  V F  ¼ 1:0 m s
-1 
and  V F  ¼ 2:0 m s
-1.  We  consider  the  robot  body 
parameters,   the   locomotion   parameters   and   the 
ground   parameters   presented   in   Table   1    and 
The resulting controller parameters are presented in 
Table 2, for a proportional controller Gc2     with 
gain Kpj  ¼ 0:9: 
5.2. Transfer function computation 
 
In order to determine Gxj and Gyj ðj ¼ 1; 2Þ, the TFs 
of the robot-environment, the locomotion is simulated 
while the robot is moving on a perfectly flat  surface  
without  obstacles in  its  path.  For this 
purpose,  sinusoidal  perturbations,  with  maximum 
amplitudes of dxidðtÞ ¼ 10
-4 m and dyidðtÞ ¼ 10
-4 m in  
the  x  and  y  directions,  respectively,  are  super- 
imposed,  separately,  over  the  planned  robot  feet 
 Cartesian  trajectories,  in  the  range  of  frequencies 0:001 
rad s-1pop100:0 rad s-1  during T simF40 000 steps.   
Fig.   4   presents   charts   of   the   sinusoidal 
At   low   frequencies   ðA - ½0:001; 0:05] rad s-1Þ   the 
asymptote can be approximated by 
    
perturbation  dxidðtÞ,  for  o ¼ 100:0 rad s
-1,  and  the 
   
   
corresponding  feet  trajectory  perturbations  dx1FðtÞ and 
joint torque perturbations dt11CðtÞ and dt12CðtÞ. We 
start with Gxj  for a robot forward locomotion speed  of  
V F  ¼ 1:0 m s
-1.  As  can  be  observed  from the Nichols 
chart presented in Fig. 5, Gx1  presents different 
asymptotes for different frequency ranges. 
 
 
Table 2 
Gc1 ðsÞ  controller parameters 
 
  
The values of the parameters axj and bxj for the low 
frequency asymptotic approximation of Gx1 are 
presented in Table 3. 
At medium and at high frequencies (regions B - 
½0:05; 0:5] rad s-1   and  C - ½0:5; 5:0] rad s-1),  the  re- 
sulting TFs can be approximated by an expression of the 
type: 
  
 
The values of the parameters axj and bxj for the 
asymptotic approximations in these frequency ranges are 
also presented in Table  3. 
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Fig. 4.  Sinusoidal perturbation dxidðtÞ, for o ¼ 100:0 rad s-1  (top, left), and the corresponding feet trajectory 
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perturbations dx1FðtÞ (top, right) and joint torque perturbations dt11CðtÞ (lower, left) and dt12CðtÞ (lower, right) for V 
F  ¼ 1:0 m s-1. 
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Fig.  5.  Nichols  charts  of  Gx1 ðjoÞ  and  Gx2 ðjoÞ,  and  their  approximations  at  low  (A),  medium  (B)  and  high  frequencies  
(C),  for 
V F  ¼ 1:0 m s-1 . 
 
 
Table 3 
Parameters values for the asymptotic approximations of the Nichols charts of Gx1  and Gx2 , with V F  ¼ 1:0 m s-1 
 
V F  ¼ 1:0 m s-1 Gx1 
  
Gx2 
 
Frequency range kx1 ax1 bx1 kx2 ax2 bx2 
Low (A) 0.001 0.72 0.18 0.001 0.77 0.22 
Medium (B) 0.0014 0.84 -0.20 0.0022 1.03 -0.19 
High (C) 0.00068 1.02 -0.01 0.002 1.04 -0.04 
 
 
These results reveal a complex order dynamics that is a 
consequence of the foot–ground interac- tion, with several 
free–impact–contact–impact–free dynamical states. 
Complex-order dynamics have already been addressed in 
modelling and control [24–27]. 
We verify that the Nichols chart of  Gx2  has similar 
features to those of Gx1, as can be observed in Fig. 5. 
The asymptotic approximations at low, medium and high 
frequencies, can be described by identical expressions and 
occur in the same fre- quency ranges as for the case of 
Gx1. The same can be concluded by comparing the 
values of the parameters axj and bxj , for the asymptotic 
approx- imations of Gx2  and Gx1  (Table  3). 
In  a  second  phase,  the  study  is  repeated  for  a 
robot  velocity  of  V F  ¼ 2:0 m s
-1   and  the  conclu- 
sions are identical. The asymptotic approximations 
at  low,  medium  and high  frequencies, presented  in Fig. 
6 for Gx1, obey to the same expressions as in the case for 
V F  ¼ 1:0 m s
-1  ((18) and (19), for low and medium 
and high frequencies, respectively). 
However,   for   the   locomotion   velocity   V F  ¼ 
2:0 m s-1  the low, medium and high frequency beha- 
viors  occur  in  the  ranges  A - ½0:008; 0:08] rad s-1, 
B - ½0:1; 0:9] rad s-1    and   C - ½1:0; 5:0] rad s-1,   re- 
spectively. 
Moreover, we verify that the Nichols chart of Gx2 
(Fig. 6), and therefore its TF, is very similar to the one of 
Gx1. The same can be concluded by comparing  the  
values  of  the  parameters  axj      and 
bxj , for the asymptotic approximations of Gx1  and 
Gx2  (Table 4). 
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The meaning of the imaginary factor | in 
the denominator  of expression (18) in not 
yet    clear. 
However, the authors believe on the existence of  an 
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Fig.  6.  Nichols  charts  of  Gx1ðjoÞ  and  Gx2 ðjoÞ,  and  their  approximations  at  low  (A),  medium  (B)  and  high  frequencies  
(C),  for 
V F  ¼ 2:0 m s-1 . 
 
 
Table 4 
Parameters values for the asymptotic approximations of the Nichols charts of Gx1  and Gx2, with V F  ¼ 2:0 m s-1 
 
V F  ¼ 2:0 m s-1 Gx1 
  
Gx2 
 
Frequency range kx1 ax1 bx1 kx2 ax2 bx2 
Low (A) 0.0004 0.96 0.24 0.0007 0.95 0.27 
Medium (B) 0.003 0.85 -0.27 0.0055 1.09 -0.27 
High (C) 0.0015 1.04 0.02 0.0045 1.08 -0.06 
 
 
expression unifying the asymptotic behavior  of the TF  
both  at  low  and  medium  frequencies,  which  is currently 
under investigation. One possibility, under study, is to 
replace the saþ|b, that leads to complex- valued  outputs,  
by  one  of  the  operators  H1ðsÞ ¼ s
aþ|b þ sa-|b  or 
H2ðsÞ ¼ -|½s
aþ|b - sa-|b] that lead to real  valued  
outputs.  Supporting  this  consideration 
we have the similarities between the values of the 
parameters axj and bxj (i.e., complex conjugate exponents 
for regions A and B) for the low and medium  frequency  
asymptotic  approximations   of 
Gxj ðj ¼ 1; 2Þ. 
6. Conclusions 
 
In this paper, we have studied the dynamics of foot–ground 
interaction for hexapod robots. The simulation results for different 
robot velocities   are 
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consistent with each other and reveal that, in the 
range of the locomotion velocities under 
considera- tion, this system reveals  complex-order  
dynamics. The meaning of the complex-order 
dynamics and the influence of the system 
parameters is not yet totally clear. Moreover, 
questions remain on the meaning of the   
imaginary   factor   |  in   the   expression   of the 
asymptotic approximation of the  transfer 
function at low frequencies. In this line of 
thought, the authors are seeking for an unifying 
expression for the TFs. 
While our focus has been on a dynamic  
analysis in periodic gaits, many aspects of 
locomotion are not necessarily captured by the 
proposed simula- tions. Consequently, future 
work will address the implementation of new 
experiments in order to estimate how the 
complex-order dynamics varies with the 
locomotion parameters, the ground models and  
the  robot characteristics. 
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